A new protoberberine alkaloid from Meconopsis simplicifolia (D. Don) Walpers with potent antimalarial activity against a multidrug resistant Plasmodium falciparum strain
Introduction
Meconopsis (Papaveraceae) comprises about 43-49 species with the majority of these restricted to the Himalaya and only one species, M. cambrica, being endemic to Europe (Debnath and Nayar, 1986; Zhou et al., 2009 (Luo et al., 1984; Zhou et al., 2009; Yue et al., 2010) . Out of 13 Meconopsis species reported from Bhutan (Grierson and Long, 1984) , seven of them (M. horridula, M. paniculata, M. napaulensis, M. superba, M. primulina, M. discigera and M. simplicifolia) were said to have medicinal properties. However, only two species (M. horridula and M. simplicifolia) are currently used in Bhutanese traditional medicine (BTM) for various formulations (Tenzin, 2007; Wangchuk et al., 2008) .
M. simplicifolia is locally known as ud-pel-sngon-po and grows to 30-70 cm tall with
narrowly oblongated seed capsules, blue flowers, and hairy stems and leaves (Anonymous, 2008) . Its aerial parts (stems, leaves, flowers and fruit), in combination with other ingredients, are used for preparing more than eight important BTM multi-ingredient formulations. As an individual plant, it is indicated for treating coughs and colds, fever and infections in the liver, lung and blood which show correlations to the symptoms of cancer, microbial infections and malaria (Wangchuk et al., 2008 (Wangchuk et al., , 2011 . Malaria causes 2-3 million deaths each year (Marti et al., 2010) . In Bhutan, there were 436 microscopy-confirmed indigenous cases with 140 (32%)
cases being due to Plasmodium falciparum (Yangzom et al., 2010) . As the artemisinin-based combination therapies (ACTs), including artesunate monotherapy, have shown signs of lower efficacy (Dondorp et al., 2009 ) against the resistant Plasmodium falciparum strains, the battle against malaria is seriously impaired. Therefore, the need for new antimalarial agents has become imperative. History tells us that the plant-based drugs including traditional medicinal plants and compounds derived from them are the important sources of antimalarial drugs. The BTM, which depends upon the country's rich biodiversity, may offer alternative treatment regimens by promising a source of antimalarial extracts and new drug lead compounds as revealed by previous studies on Bhutanese medicinal plants (Wangchuk et al., 2008 (Wangchuk et al., , 2010 (Wangchuk et al., , 2011 (Wangchuk et al., , 2012a (Wangchuk et al., , 2012b Plasmodium falciparum with IC 50 values of 6.39 µg/ml and 0.40 µg/ml, respectively (Wangchuk et al., 2011) . Based on this earlier finding we have further investigated this plant for its phytochemicals and their biological activities and consequently discovered a new protoberberine type alkaloid along with five known protopine and benzophenanthridine type alkaloids (1-6) ( Fig. 1 ) with potent antimalarial activities and cytotoxicities. The findings are described in this paper.
Materials and methods

Plant material
The aerial components of wild type M. simplicifolia were collected from near the 
Separation/isolation of alkaloids
The air-dried plant material (2 kg) was chopped into small pieces and was repeatedly extracted with analytical grade or HPLC grade methanol (5 x 3 L over 48 h). The extract was filtered and then concentrated using a rotary evaporator to afford the crude methanol extract (43.1 g). This extract was acidified with 5% HCl and then extracted with CH 2 Cl 2 (5 x 60 mL) which upon evaporation of the solvent yielded the CH 2 Cl 2 extract (9.8 g). The remaining acidified aqueous solution was basified (pH 9-12) with NH 4 OH solution and then extracted with CHCl 3 (5 × 60 mL) to obtain the crude alkaloid CHCl 3 extract (446 mg). Repeated fractional crystallizations and separations by CC on silica gel (mobile phase: gradient eluant of increasing solvent polarities mainly using MeOH and CHCl 3 ) and preparative thin layer chromatography (PTLC) yielded six alkaloids (1-6) ( Fig. 1) . C-NMR spectra, and gCOSY correlation are presented in Table 1 .
The long range gHMBC correlation established the C→H and H→C cross-correlations among the H and C-atoms ( The other five known alkaloids were identified as protopine (2), norsanguinarine (3), dihydrosanguinarine (4), 6-methoxydihydrosanguinarine (5) and oxysanguinarine (6) ( C-NMR spectroscopic data agreed with those reported (Takahashi et al., 1985; Seger et al., 2004; Wangchuk et al., 2010) . It was the major component of the plant. Compounds 3-6 are benzophenanthridine type alkaloids.
While compound 3 was reported from the genus Meconopsis (M. quintuplinervia) (Shang et al., 2003) , compounds 4-6 were isolated from this genus for the first time. The MS, 1 H and 13 C-NMR spectroscopic data of compounds 3 (Tousek et. al., 2004) , 4 (Williams and Ellis, 1993; Choi et al., 2010; Miao et. al, 2011; Yao et al., 2011) , 5 (Zhang et al., 1995; Dostal et al., 1998; Choi et al., 2010; Miao et al., 2011) and 6 (Williams and Ellis, 1993; Miao et al., 2011) agreed with those from their respective literature. Crystals of compound 4 and 5 were grown using chloroform/methanol and their single crystal X-ray crystallographic structures are presented here for the first time ( Fig. 3a-b) .
Fig.3.
Single crystal X-ray structures of (a) dihydrosanguinarine (4), and (b) 6-methoxydihydrosanguinarine (5).
X-ray diffraction images were measured on a Nonius KappaCCD diffractometer (Mo
Kα radiation, graphite monochromator, λ=0.71073 Å) and data extracted using the DENZO package (Otwinowski and Minor, 1997) . Structure solution was by direct methods (SUPERFLIP, SIR92) (Altomare et al, 1994; Palatinus and Chapuis, 2007) . The structures were refined using the CRYSTALS program package (Betteridge et al., 2003 The isolated and identified compounds 1-5 were studied for their pharmacological activities.
Bioassay methodology 2.3.1. Antiplasmodial assay
Compounds 1-5 were tested in vitro against a multidrug resistant K1CB1 strain and a wild type chloroquine and antifolate sensitive TM4/8.2 strain of Plasmodium falciparum. The method described by Trager and Jensen (1976) was used for maintaining the parasites in human red blood cells in RPMI 1640 medium supplemented with 25 mM of HEPES, 0.2% of sodium bicarbonate, and 8% human serum in a 3% carbon dioxide gas incubator maintained H-hypoxanthine incorporation (Desjardins et al., 1979; Kamchonwongpaisan et al., 2004) . The inhibitory concentration of the sample was determined from its dose-response curves or by calculation. The assay was performed in at least three replicates. Chloroquine (Sigma company), pyrimethamine (Sigma company) and cycloguanil were used as positive controls for both plasmodial strains (Table 2) . DMSO (0.1%) and distilled water were used as controls to rule out the solvent effects on the bioassay results of the test samples. All the experiments were performed three times in duplicate (3x2).
Cytotoxicity assay
Normal Vero cells from kidney of African green monkey, Cecopithecus aethiops and human oral carcinoma KB cells were maintained and cultured in MEM/EBSS supplemented with heated-inactivated fetal bovine serum (10%), NaHCO 3 (2.2 g/L) and of sodium pyruvate (1%). KB cell lines were cultured in DMEM/low glucose supplemented with heatedinactivated fetal bovine serum (10%), NaHCO 3 (3.7 g/L) and non-essential amino acids (1%).
Cytotoxicity was evaluated by the sulforhodamine B (SRB) assay (OD510 nm) as reported (Wangchuk et al., 2012a) . Doxorubicin and ellipticine were used as positive control drugs for cytotoxicity activities (Table 2) .
Results and Discussions
Since the crude extracts of a Bhutanese antimalarial medicinal plant, M. simplicifolia has exhibited significant antiplasmodial activity (Wangchuk et al., 2011) , we examined compounds 1 and 3-5 for their antiplasmodial and cytotoxic activities ( Table 2) . Because of solubility problems, the IC 50 values could not be accurately determined for compounds 3-5
and compound 6 was not tested due to its limited quantity.
The new protoberberine alkaloid, simplicifolianine (1) showed the most potent antiplasmodial activity against the P. falciparum strains, a wild type chloroquine and antifolate sensitive strain-TM4/8.2 and a multidrug resistant strain-K1CB1 with IC 50 values of 0.78 µg/mL and 1.29 µg/mL, respectively. This potent antiplasmodial activity was of similar range to that of the parent crude chloroform alkaloid extract against TM4/8.2 but nearly six times more potent than the crude extracts against K1CB1. Therefore, we have identified simplicifolianine (1) as a potential new drug lead on which a patent can be filed.
The fact that the low cytotoxicity of compound (1) Protopine (2) has been isolated from different plant species and in our earlier studies, we established its antiplasmodial activity against the same strains as highly significant (Wangchuk et al., 2010; 2012b) (Table 2 ) and has been also reported to have broad range of (Vacek et al., 2010) . Due to limitation in solubility of compounds 3-5, the highest concentration tested were 0.32, 3.33 and 3.63 µg/mL, respectively. At such concentrations, compound 3 and 4 did not show any significant antiplasmodial activities nor the cytoxicities. However, compound 5 exhibited about 10-20% inhibitory effect against both parasite strains with no cytotoxicity against the mammalian cells.
Since compounds 1 and 2 exhibited highly significant antimalarial activities and that protopine (2) was the major alkaloid present, it can be deduced that these alkaloids, either alone or in combination, may be responsible for the major antiplasmodial activities of the extract of this plant. Considering the increased resistance of the parasites to the conventional antimalarial drugs (Dondorp et al., 2009; Marti et al., 2010) , these findings are timely as they (Cho, 2001) and showed an inhibitory effect on the growth of human colon carcinoma cells and induced apoptosis (Lee et al., 2004) . However, this compound exhibited no cytotoxicity against KB and Vero cells in our study at the highest concentration tested. This compound was also reported to display anti-platelet aggregation activity (Chen et al., 2001) .
From our earlier studies of the crude extracts of this plant, we concluded that this plant had only weak antibacterial properties against Staphylococcus aureus, methicillin resistant S.
aureus (MRSA), Bacillus subtilis and Helicobacter pylori (Wangchuk et al., 2011) . Based on these results, the pure isolates from this plant were not tested for their antimicrobial activities.
However, Navaroo and Delgado (1999) and Feng et al. (2011) values ranging from 12.5-50 µg/mL (Miao et al., 2011) . Compound 3 exhibited antifungal activity against phytopathogenic fungi A. brassiciola and C. maculans with 75-80% inhibition at 200 µg/mL (Singh et al., 2009 ) and compound 4 showed significant antiparasitic effect against Ichthyophthirius multifiliis in richadsin with an IC 50 value of 5.2 µg/mL (Yao et al., 2011) .
Conclusion and future directions
In summary, this phytochemical study of M. simplicifolia found the following: 1) a new protoberberine type alkaloid which we named as simplicifolianine (1); 2) protopine (2) was identified as the major alkaloid constituent; 3) compound 1 showed significant in vitro antiplasmodial activity with low cytotoxicity and therefore, we have identified it as a potential antimalarial drug lead; and 4) the in vitro bioassay results of the crude extracts and the pure compounds 1 and 2 were proportionate with the ethnopharmacological uses of this plant and thus substantiated its usage in a crude drug form in BTM, individually or in combination with other medicinal ingredients, to treat malaria.
In future, scale-up isolation of the minor alkaloids, non-alkaloids and the essential oil components and the evaluation of their antiplasmodial and anticancer activities will be undertaken. As resistance to the front line antimalarial drugs appears to be increasing, further work including the in vivo studies on compounds 1 and 2 which showed strong antiplasmodial activities is essential. Assessing the antimalarial and anticancer activities of formulations comprising mixtures of various ratios of the two most active compounds could also potentially give interesting results and could shed light on their synergism.
